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Task-based Constraints
We define a Task-based Constraint as
where t is time, x ∈ R m the task position, and q ∈ R n the configuration position. Differentiating Eq. (1) twice leads to
whereẍ andq are the task and configuration accelerations, and A ∈ R m×n is the constraint Jacobian. 
Operational Space Formulation
The Dynamically Consistent Inverse of a Jacobian A is the matrix G that satisfies the condition
where P = I n − AA.
Equivalence
Analytical dynamics solution equivalence:
Multiple Task-based Constraints
By stacking two constraints as A =
with
and the dynamically consistent inverse
where we define A # 
1 )q] which correspond to the operational space controllers with rigid constraints proposed by [2, 4] .
Task Space Dynamics
is the task space inertia matrix, and with h x A ⊤ h − M xȦq and f A ⊤ τ ⋆ .
Unconstrained Dynamics
The equation of motion of an unconstrained system in the configuration space is M (q ⋆ )q ⋆ + h(q ⋆ ,q ⋆ ) = τ ⋆ (9) where h ∈ R n contains the Coriolis, centrifugal, and gravitational contributions, M (q ⋆ ) is the unconstrained inertia matrix, τ ⋆ ∈ R n is the generalized force vector in the configuration space, and q ⋆ ,q ⋆ ,q ⋆ ∈ R n are, respectively, the unconstrained generalized position, velocity, and acceleration. We can compute the forward dynamics by simply inverting M as
Projection-based Dynamics Reformulation
By pre-multiplying the configuration dynamics with P , obtaining P Mq = P (τ − h), (11) and Eq. (2) with A † , obtaining
and combining them both in different ways, we get
Equivalence
⇔ ⇔
Condition Number Minimization
The R ( * ) that minimizes κ(M c ), where κ(.) represents the condition number, is given by
for some µ ∈ R such that {σ min (P M P ) = 0} ≤ µ ≤ σ max (P M P ), where σ(.) represents singular values. 
